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ABSTRACT  The effect of repetitive stimulation on synaptic transmission was 
studied in the isolated superior cervical ganglion of the rabbit under conditions 
of reduced  quantal  content.  Excitatory  postsynaptic  potentials  (EPSP)  were 
recorded  with  the  sucrose  gap  technique  to  obtain  estimates  of transmitter 
release. Four components of increased transmitter release, with  time constants 
of decay similar to those observed at the frog neuromuscular junction at 20~ 
were  found  in  the  ganglion  at  34~  a  first  component  of facilitation, which 
decayed with a  time constant of.59 -+_ 14 ms (mean +  SD); a  second component 
of facilitation, which decayed with a  time constant of 388 +  97 ms; augmenta- 
tion, which decayed with a  time constant of 7.2 +-  1 s; and potentiation, which 
decayed with a  time constant of 88 __. 25 s. The addition of 0.1-0.2 mM  Ba  2+ to 
the Locke solution increased the magnitude but not the time constant of decay 
of augmentation.  Ba  2§ had little effect on potentiation. The addition of 0.2-0.8 
mM  Sr  2§  to  the  Locke  solution  appeared  to  increase  the  magnitude  of the 
second  component  of facilitation.  Sr  2§  had  little  effect  on  augmentation  or 
potentiation.  These  selective effects  of Ba  2+  and  Sr  2+  on  the  components  of 
increased transmitter release in the rabbit ganglion are similar to the effects of 
these ions at the frog neuromuscular junction. Although the effects of Ba  2+ and 
Sr  2+ are similar in the two preparations, the magnitudes of augmentation  and 
the  second  component  of facilitation after  a  single  impulse  were  about  6-10 
times greater in  the rabbit ganglion than  at  the frog neuromuscular junction. 
These results suggest that the underlying mechanisms in the nerve terminal that 
give  rise  to  the  components  of  increased  transmitter  release  in  the  rabbit 
ganglion and frog neuromuscular junction are similar but not identical. 
INTRODUCTION 
The  amount  of  transmitter  released  by  each  nerve  impulse  changes  as  a 
function  of previous activity at a  variety of synapses (Liley, 1956;  Kuno,  1964; 
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Zucker,  1974;  Linder,  1974;  McNaughton,  1977;  Woodson et al.,  1978).  At 
the frog neuromuscular junction, where use-dependent changes in transmitter 
release  have  been  studied  most  extensively,  four  components  of increased 
transmitter  release  have  been  identified  on  the  basis  of their  kinetic  and 
pharmacological  properties.  These  components  are:  the  first  and  second 
components of facilitation, which decay with time constants of -50 and 300 
ms, respectively (Mallart and Martin,  1967;  Magleby, 1973;  Younkin,  1974); 
augmentation,  which  decays with  a  time constant  of -7  s  (Magleby  and 
Zengel,  1976;  Erulkar  and  Rahamimoff,  1978);  and  potentiation,  which 
decays with  a  time  constant  that  ranges  from  tens  of seconds  to  minutes 
(Hubbard,  1963;  Rosenthal,  1969;  Magleby  and  Zengel,  1975  a  and  b). 
Components  of  increased  transmitter  release  have  also  been  observed  in 
autonomic  ganglia  (Larrabee  and  Bronk,  1947;  Martin  and  Pilar,  1964; 
Brimble and Wallis, 1974; Tashiro et al., 1976;  McLachlan, 1977).  From these 
studies, however, it is not clear how many components are present in ganglia, 
nor is  it  known what the relationship is between the components that have 
been observed in ganglia and those that have been characterized at the frog 
neuromuscular j unction. 
In  this paper we examine the effect of repetitive stimulation on synaptic 
transmission in the rabbit superior cervical ganglion to determine how many 
components of increased transmitter release are present  in  this  preparation 
and  to  characterize their properties.  We  find that  under conditions of low 
quantal  contents  EPSP  amplitudes  increase progressively during  repetitive 
stimulation, just as reported by Libet (1967). After repetitive stimulation, the 
amplitudes of EPSPs elicited by testing impulses return to the control level 
with four apparent components of decay with time constants of about 60 ms, 
400  ms,  7 s,  and 90  s  (34~  On  the basis  of kinetic and pharmacological 
data,  we  suggest  that  these  four  components  in  the  rabbit  ganglion  are 
analogous  to  the  first  component of facilitation,  the second component of 
facilitation, augmentation, and potentiation, respectively, at the frog neuro- 
muscular junction. A  preliminary report of some of this work has appeared 
(Magleby et al.,  1978). 
METHODS 
Preparation and Recording 
Experiments were performed on superior cervical sympathetic ganglia isolated from 
New Zealand white rabbits (-2 kg). The rabbits were sacrificed by an air embolus, 
and the ganglia were removed and decapsulated in oxygenated Locke solution. A 
ganglion was then mounted in a sucrose-gap apparatus with the internal carotid nerve 
spanning the gap  and  continuously superfused with  Locke solution  (McAfee and 
Greengard, 1972). Supramaximal preganglionic stimuli (0.5-ms) were applied to the 
cervical sympathetic nerve, and postganglionic responses recorded differentially (fre- 
quency response, 0.1-1,000 Hz) between the solution flowing over the ganglion and 
the solution flowing over the internal carotid nerve. A modified Locke solution low in 
Ca  2+ (0.4-0.8  mM) and high in Mg  2+ (10 raM) was used to reduce neurotransmitter 
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postganglionic  neuron  (Libet,  1967).  In  this  manner,  stable  monophasic  EPSPs 
electrotonically conducted in the internal carotid nerve across the sucrose gap were 
recorded for up to 12 h. 
The modified Locke solution referred to as "low Ca  2+ Locke" in this paper had the 
composition (mM): NaCI,  136; KCI, 5.6; NaHCOs, 20.0; NaH2PO4, 1.2; CaCI2, 0.4- 
0.8; MgCI2,  10; and glucose, 8.3. This solution was equilibrated with 95% 02 and 5% 
CO2 in the reservoirs leading to the sucrose-gap apparatus. To examine the effects of 
Ba  2+ and Sr  2+, the low Ca  2+ Locke was modified by the addition of 0.1-0.2 mM Ba  2+ 
(low Ca  2+  +  Ba  2+  Locke), by the  addition  of 0.2-0.4  mM  Sr  2+  (low Ca  2+  +  Sr  2+ 
Locke), or by the replacement of the Ca  2+ with 0.8 mM Sr  2+ (Sr  2+ Locke). 
In  a  few preliminary experiments, EPSPs were recorded with  intracellular tech- 
niques (McAfee and Yarowsky, 1979) from postganglionic neurons in the rat superior 
cervical ganglion.  Because of the quantal  fluctuations in the response  (del CastiUo 
and Katz, 1954 a) in low Ca  2+ Locke solution, it was usually necessary to average 20- 
100  intracellular trials.  The sucrose-gap  technique used  in  this  work gives a  good 
measure of the average response in one or a few trials because this technique sums the 
postsynaptic responses from many cells at once. 
The temperature of the preparation was monitored by a thermister probe mounted 
near the ganglion within the sucrose-gap apparatus. Most experiments were performed 
at  room  temperature.  Temperatures  above  room  temperature  were  achieved  by 
immersing the tubing carrying the perfusion solutions in a warm water bath. 
Data Collection and Analysis 
A PDP-11 computer (Digital Equipment Corp., Maynard, Mass.) was used to generate 
the stimulation patterns and to collect and analyze the data.  The data acquisition 
and  analysis  techniques have been described in  considerable detail  (Magleby and 
Zengel,  1976).  For  most  experiments,  the  nerve  was  conditioned with  a  train  of 
impulses; testing impulses were then applied to examine the effect of the conditioning 
stimulation. The conditioning stimuli were usually applied at a  rate of 5 impulses/s 
because this gave the most consistent results; but in some experiments, in particular 
those performed at higher temperatures, the conditioning impulses were applied at a 
rate of 10/s. For experiments like those shown in Figs.  1, 2, and 4, amplitudes of the 
EPSPs elicited by the conditioning and testing stimuli were measured and stored by 
the computer during each trial. Data from three to five conditioning-testing trials of 
each type were usually averaged for analysis. Because the EPSPs fell upon the tails of 
preceding  EPSPs  during  the  conditioning  stimulation,  the  amplitudes  of EPSPs 
during the train were underestimated by ~ 10%. In experiments like that shown in 
Fig. 3, the conditioning-testing interval was often short enough that testing EPSPs fell 
on  the  tail  of the  preceding conditioning EPSP.  Therefore, in experiments of this 
type, the entire response during each conditioning-testing trial was sampled by the 
computer at a rate of 1 point/5 ms and stored. In a  typical experiment of this type, 
the preparation was  presented with  18 different conditioning-testing intervals until 
>60-80  trials were collected. After the experiment, the averaged response for each 
conditioning-testing interval was displayed on an oscilloscope and photographed, and 
the EPSP amplitudes were then measured by hand. When a testing EPSP fell on the 
tail of a conditioning EPSP, the amplitude was measured from the "projected tail" of 
the preceding conditioning EPSP.  The projected tail was  determined directly in a 
separate trial in which the testing impulse was not present. 
Potentiation, P(t),  augmentation, A (t),  and  the first and  second components of 
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the fractional increase in a  test EPSP amplitude over a control in the absence of the 
other processes (Magleby and Zengel,  1976).  Experimentally, it is not always possible 
to measure one component in the absence of the others. Consequently, the magnitude 
and time-course of the individual components are derived from the fractional change 
in EPSP amplitude,  V(t), which is given by 
v(t)  =--  1,  O) 
Uo 
where  v(t)  is  the  testing  EPSP  amplitude  at  time  t  and  Vo  is  the  control  EPSP 
amplitude. 
The  experimentally  determined  estimation  of the  contribution  that  facilitation, 
augmentation, and potentiation make to increasing transmitter release during repet- 
itive  stimulation  relies  on  the  fact  that  these  various  processes  have  distinct  and 
nonoverlapping  time  constants  which  characterize  their  decays.  Potentiation,  the 
slowest decaying component, can be estimated in  the absence of augmentation and 
facilitation  using data  points collected after these  faster components have decayed. 
Since augmentation and the two components of facilitation fall on one or more slower 
decaying components,  these  faster decaying components can  only  be estimated  in 
terms of a  model for transmitter release which  defines the relationship between  the 
appropriate components and transmitter release. The data in this paper were analyzed 
by assuming: 
V(t)  =  [Fi*(t)  +  Fz*(t)  +  A*(t)  +  1] [P*(t)  +  1] -  1,  (2) 
where  V(t)  is the fractional increase in  transmitter release as defined by Eq.  1, and 
Fl*(t),  F2*(t), A*(t)  and P*(t)  represent  the  fractional  changes  in  the  underlying 
factor(s) in the nerve terminal that give rise to the first component of facilitation, the 
second  component of facilitation,  augmentation,  and potentiation,  respectively (see 
Zengel and Magleby, 1980).  The methods used to derive estimates of the components 
with  Eq.  2  are presented  in  Magleby and  Zengel  (t976)  and  Zengel and  Magleby 
(1980).  It should be noted  that  estimates of the various components depend on the 
model assumed for transmitter release (Zengel and Magleby, 1980).  Eq. 2 was used in 
this study because it permits comparison with data obtained previously in  the frog. 
The time constants of decay of the various components and the conclusions reached 
in  this  study  were  relatively  independent  of which  of several  commonly proposed 
models of transmitter release were used to analyze the data.  However, the absolute 
magnitudes  of the  components can  be  model  dependent,  so that  a  comparison  of 
magnitudes between studies requires that similar models be used for data analysis. 
Time 
Time is indicated in two ways: A *(T), for example, refers specifically to the magnitude 
of augmentation at the end of a conditioning train of Ts duration, while A *(t) refers 
to the decay of augmentation,  where t is the time after the end of the conditioning 
train. 
Solution  Changes 
In  experiments  in  which  we  looked  at  the  effects of Ba  ~+ or Sr  2§  on  the  response, 
conditioning-testing  trials  were  first  collected  in  low  Ca  2+  Locke.  The  superfusion 
solution  was then changed  to the Ba  z+- or SrZ+-containing solution, and additional 
conditioning-testing  trials were collected,  followed once again by trials in low Ca  2+ 
Locke,  The  data  obtained  under  each  set  of conditions  were  then  averaged  and 
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Effect of Temperature 
The O~0s of the decays of the components were determined as described in Magleby 
and Zengel (1976). 
Data are presented as mean _+ SD. 
RESULTS 
The Rise and Decay of EPSP Amplitudes during and after Long Conditioning 
Trains 
In low Ca  2§  Locke (0.4-0.8  mM Ca  2+,  10mM  Mg  z+)  transmitter release is 
greatly reduced so that  it  is posssible to record fast  EPSPs  (inset, Fig.  1 A) 
uncontaminated by propagated action potentials and slow potentials (Libet, 
1967;  McLachlan, 1975). The effect of repetitive stimulation on EPSP ampli- 
tude is shown in Fig.  1 A, where EPSP amplitude is plotted against time for 
a conditioning-testing trial. The preganglionic nerve was first stimulated once 
every  15 s to establish a  control response. The preparation was then condi- 
tioned by stimulating with  100 impulses delivered at  a  rate of 5/s, and the 
effect  of  this  conditioning  stimulation  was  followed  by  applying  testing 
impulses. The EPSP amplitudes rapidly increase during the conditioning train 
(horizontal bar)  and then decay back to the control level in the posttetanic 
period. When the EPSP amplitudes folowing the conditioning train in Fig. 1 
A are plotted semilogarithmically against time (Fig.  1 D), a dual exponential 
decay becomes readily apparent. The line through the filled circles in Fig.  1 
D, determined by a least squares fit to the data points beyond 60 s, describes 
the exponential decay of the slower component, which had a time constant of 
157 s. The initial magnitude of this component of decay, obtained from the 
intercept of the line with the ordinate at 0  time (the time at the end of the 
conditioning train)  was  0.63.  A  magnitude of 0.63  would  increase  EPSP 
amplitude 1.63 times. 
Superimposed on the slower component of decay of EPSP amplitudes is a 
faster component. The filled circles in Fig.  1 F  show the decay of this faster 
component, which had a time constant of 17.4 s and an initial magnitude of 
2.4. 
The effect of long conditioning trains on EPSP amplitudes in the sympa- 
thetic ganglion appears to be similar to the effect of long conditioning trains 
on EPP amplitude at the frog neuromuscular  junction (cf. Fig. 1 and Fig. 1 in 
Zengel and Magleby,  1980).  This similarity suggests that  the fast  and slow 
components of the decay of EPSP amplitude observed in the ganglion after 
long conditioning trains might correspond to the decay of augmentation and 
potentiation described for the frog neuromuscular  junction. Further evidence 
for this proposal will be presented in the following sections. 
Two components of decay were seen in  18 additional experiments of the 
type shown in Fig.  1 (25-36.5~  in which the nerve was conditioned with 
200 or 600 impulses. The initial magnitudes and times constants of decay of 
the components in these experiments are presented in Table I, where the faster 
component is referred to as augmentation (A*) and the slower as potentiation 
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Identification of Augmentation m the Sympathetic Ganglion 
At the frog neuromuscular junction, the addition of small amounts of Ba  2§ to 
low Ca  2+ Ringer's solution selectively increases the magnitude of augmenta- 
tion  during and  after a  conditioning train  but  has  little effect on  its  time 
constant of decay or on potentiation (Zengel and Magleby, 1977 and  1980). 
If Ba  2+ has the same effect on synaptic transmission at the ganglion as at the 
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FIGURE  1.  Effect  of repetitive stimulation on EPSP amplitudes in low Ca  2+ 
(0.4 mM) Locke and in low Ca  2+ Locke containing 0.1  mMBa  z+. (Inset in A) 
EPSP recorded in low Ca  z+ Locke. (A and B) Plots of EPSP amplitudes against 
time. Horizontal bars  indicate times of 100-impulse conditioning stimulation 
delivered at  5  impulses/s. Control and testing impulses  before and after the 
conditioning stimulation were  delivered once every 15 s, except  for the three 
testing  impulses  immediately after  the  train,  which  were  delivered  at  one 
impulse every 5 s.  (A) Ca  2+. (B) Ca  2+ +  Ba  2+. (C)  EPSP amplitudes recorded 
during the conditioning trains shown in A and B plotted on an expanded time 
scale (upper train, Ca  2+ +  Ba2+; lower train, Ca2+). (D and E) Decay of EPSP 
amplitudes after the conditioning trains in A and B plotted semilogarithmically 
against time. The line in D is the decay of potentiation, P  *(t), in low Ca  2+ 
Locke, and the line in E is the decay of potentiation in low Ca  2+ +  Ba  2+ Locke. 
(F) Decay of augmentation, A *  (t), in low Ca  2+ Locke (continuous line) and low 
2+  2+  Ca  +  Ba  Locke (broken  line). See Methods for details on the derivation of 
the components of decay. Temperature, 26~ 
frog neuromuscular junction, it should be possible to identify augmentation 
in the ganglion with Ba  2+. 
Fig.  1 B  and  C shows the effect of adding 0.1  mM Ba  2+ to the low Ca  2+ 
Locke solution perfusing the ganglion. Control data from the same preparation 
24-  ....  in the absence of Ba  is shown m m Fig. 1 A and C. EPSP amplitudes increase 
more rapidly and reach a greater final magnitude at the end of the condition- 
ing train in the presence of Ba  24.  than in its absence. The amplitudes of the ZENGEL  ET  AL,  Synaptie Transmission in Ganglia  219 
first few testing EPSPs after the conditioning train are also increased more in 
the presence of Ba  z+, suggesting that there is an increase in the magnitude of 
the faster component of decay. This is more clearly shown by the semiloga- 
rithmic plots of the decay in Fig.  1 E  and F. Although the slower component 
￿9  ￿9  2+  of decay (broken line in Fig. 1 E) was not affected by the addmon of Ba  (cf. 
Fig.  1 D), the initial magnitude of the faster component (broken line in Fig. 
1 F) was increased about two times, from 2.4 to 4.5. When Ba  2+ was further 
increased to 0.2  mM in  this experiment the initial  magnitude of the faster 
component was  increased even more to  7.3,  a  threefold increase  (data  not 
shown).  Although  Ba  2+  increased  the  magnitude  of the  faster component, 
Ba  9+ had little effect on its time constant of decay (Fig.  1 F). This increase in 
the magnitude of the faster component, with little effect on its time constant 
or on the slower component, is similar to the effect of Ba  2+ on augmentation 
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FtOURE  1 
and potentiation, respectively, at the frog neuromuscular junction. (Cf. Fig.  1 
and Figs.  1 and 10 in Zengel and Magleby [1980].) Our interpretation of these 
results  is  that  the  faster  component  of  decay  in  Fig.  1  is  analogous  to 
augmentation at the frog neuromuscular junction and that the slower com- 
ponent is analogous to potentiation. 
In  six  experiments like  that  presented in  Fig.  1 in  which the nerve was 
conditioned with  100-600  impulses at  a  rate of 5/s,  the addition of 0.1-0.2 
mM Ba  2+ increased the magnitude of augmentation an average of 2.8 times, 
from  3.8  :t:  2.2  to  10.8  __  5.2  (P  <  0.01,  t  test,  paired  data).  In  these 
experiments, Ba  2+ had little effect on the time constant of decay of augmen- 
tation (14.5 +_ 2.7 s in Ca  2+ Locke compared with 15.2 4- 1.8 s in Ca  2+ +  Ba  2+ 
Locke)  or on  the magnitude  (1.0  _  0.6  compared with  1.3  +  0.6)  or time 
constant of decay (144 4. 27 s compared with 138 4- 34 s) of potentiation. The 
BaZ+-induced increase in the magnitude of augmentation was slowly reversible 
(20-40 rain) after the removal of Ba  2+ from the perfusion solution. Complete 220  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  76  ￿9  1980 
substitution  of Ba  2+ for Ca  2+ was not tried since Ba  2+ alone cannot support 
evoked  release  (Miledi,  1966;  McLachlan,  1977;  Silinsky,  1977;  Illes  and 
Thesleff, 1978). 
Decay of EPSP Amplitudes after Five Conditioning Impulses 
In addition to augmentation and potentiation, first and second components 
of facilitation, with time constants of decay of about 50 and 300 ms, respec- 
tively, have been described at the frog neuromuscular junction (Mallart and 
Martin,  1967;  Magleby,  1973).  Note in Fig.  1 A  and B  the sudden drop in 
EPSP  amplitudes  between  the end of the conditioning train  and  the first 
TABLE  I 
MAGNITUDES AND TIME CONSTANTS OF DECAY OF THE FIRST 
COMPONENT  OF FACILITATION, THE SECOND COMPONENT  OF 
FACILITATION, AUGMENTATION, AND POTENTIATION  IN THE RABBIT 
SUPERIOR  CERVICAL GANGLION 
Number 
ofcondi-  Sam- 
tioning  Temper-  pie 
impulses  ature  size  F~'(T)  re.,  F~t(T)  7r  A*(T)  ra,  P*(T)  Tp~ 
~ C  ms  ms  s  s 
1  25-26  4  ~:  ~  0.90  464  0.13  17.3  w  w 
•  •  102  -+0.06  •  1.2 
1  32-34  5  1.43  59  0.77  388  0.18  89  w  w 
•  •  :t:0.49  •  •  • 
5  26,5-28  6  w  w  4.30  496  0.82  18.6  w  w 
•  •  •  • 
200  25-27.5  10  w  w  w  w  2.30  16.4  0.63  150 
•  •  :t=0.25  • 
200  34,5-36,5  5  w  w  w  w  2.00  7.2  0.46  88 
• 1.o5  • 1.o  +_o. 18  • 
600  27  4  w  w  w  w  2.11  16.0  1.05  177 
•  -+2.5  •  • 
;~ The first component of facilitation was not evident at these temperatures. 
w Testing impulses were not applied to test for these parameters, 
Results  are shown as mean :t: SD. 
testing impulse at 5 s. A similar rapid drop at the frog neuromuscular  junction 
results from the decay of facilitation (Zengel and Magleby,  1980),  suggesting 
that facilitation may also be present in the sympathetic ganglion. To look for 
facilitation in the ganglion, we tested for a  component of release that decays 
faster than augmentation, by using short rather than long conditioning trains 
since short trains can be applied more often, making it possible to perform the 
large  number of conditioning-testing trials  necessary to  map  the  decay of 
facilitation. 
For the experiment shown in Fig.  2, the nerve was presented with a  series 
of conditioning trains  consisting of five impulses  at  a  rate of 5/s.  A  single 
testing impulse was applied from 330 ms to 60 s after each conditioning train. 
The inset in Fig. 2 A shows a  trial in which the conditioning-testing interval 
was 330 ms. Fig. 2 A presents a semilogarithmic plot of the decay of the EPSP 
amplitudes  after  the  five-impulse conditioning trains.  Two  components of ZENGEL ET AL.  Synaptic  Transmission in Ganglia  221 
decay are clearly present￿9 The slower component in Fig. 2 A (continuous line) 
decays  with  a  time  constant  of  18  s.  This  is  similar  to  the  decay  rate  of 
augmentation  after the long conditioning trains in Fig.  1, suggesting that this 
component is augmentation;  both at the frog neuromuscular junction  (Mag- 
leby and  Zengel,  1976)  and  in  the sympathetic ganglion  (Table I), the time 
constant of decay of augmentation  is relatively independent of the number of 
conditioning impulses. 
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Decay of EPSP amplitudes after conditioning trains of five impulses 
at a rate of 5/s. A single testing impulse was applied from 330 ms to 60 s after 
each  conditioning  train￿9 Conditioning-testing  trials  were applied  about once 
every 3 rain. The inset in A presents a drawing of the recorded response based 
on a computer-measured conditioning-testing trial with a 330-ms testing inter- 
val. (A) Semilogarithmic plot of the decay of the testing EPSP amplitudes. Each 
filled circle  represents  the  average  response  from  four to eight  conditioning- 
testing trials.  The line in A represents the decay of augmentation,  A *(t)￿9 (B) 
￿9  -  ￿9  24-  Decay of the second component of faclhtatlon. [Ca  ]o -- 0.4 mM. Temperature, 
27~ 
Superimposed on augmentation is a faster component of decay that presum- 
ably represents  facilitation￿9 The  decay of this  faster component is plotted in 
Fig. 2 B. The broken line represents the exponential decay of this component, 
which had a time constant of 425 ms. At the frog neuromuscular junction, the 
faster  component  of decay  that  immediately  precedes  augmentation  is  the 
second component of facilitation￿9 If facilitation  in  the ganglion  is similar  to 
facilitation  at the frog neuromuscular junction,  then the faster component of 
decay plotted in Fig.  2 B would be the second component of facilitation￿9 To 
obtain enough data to define this component and augmentation  in the same 
experiment, we applied testing impulses only after intervals >300 ms after the 
train.  Consequently, it was not possible to determine  whether the first com- 
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In five additional experiments of the type shown in Fig.  2, augmentation 
and  a  faster  decaying component,  presumably  the  second  component  of 
facilitation, were clearly present.  The parameters describing the  decays of 
these components are presented in  Table I.  (In analyzing these additional 
experiments, or the one in  Fig.  2,  we have not  corrected the data  for any 
possible contributions from potentiation. Other experiments established that 
the magnitude of potentiation after a 5-impulse train was sufficiently small to 
have little effect on the results.) 
Evidence  for Two Components of Facilitation 
To look for the first component of facilitation in  the ganglion we used the 
method initially employed by Mallart and Martin (1967) to describe the two 
components of facilitation at the frog neuromuscular  junction; a single testing 
impulse was applied at various intervals after a single conditioning impulse. 
The inset in Fig. 3 A shows a trial in which the conditioning-testing interval 
was 400 ms. The decay of the fractional increase in EPSP amplitudes from a 
series  of two-pulse conditioning-testing trials  is  plotted semilogarithmically 
against time in Fig. 3 A. The EPSP amplitudes are greatest at the time of the 
testing impulse applied at 50 ms and then decay with time. The line represents 
an estimate of the decay of augmentation, which had an initial magnitude of 
0.28  and a time constant of decay of 7.7 s. The faster decay of augmentation 
in this experiment, when compared with those shown in Figs.  1 and 2, is due 
to  the  higher temperature in  this  experiment (32.5~  compared with  the 
previous experiments (26-27~  The effect of temperature will be considered 
in detail in a later section. 
Superimposed on  the more slowly decaying augmentation in  Fig.  3 A is 
what we presume to be facilitation. The decay of facilitation is plotted on an 
expanded time scale in Fig.  3 B. First and second components of facilitation 
similar to  those reported at  the frog neuromuscular junction  (Mallart  and 
Martin, 1967) are clearly evident. The line through the open circles in Fig.  3 
B represents the decay of the second component of facilitation, which had an 
initial  magnitude of 1.5  and a  time constant of decay of 356  ms.  The line 
through  the  filled  squares  in  Fig.  3  B  represents  the  decay  of the  first 
component of facilitation, which had an initial magnitude of 2.8 and a time 
constant of decay of 61  ms. 
Five additional experiments like that shown in  Fig.  3 were performed at 
temperatures ranging from 29 to 34~  In each of these experiments there was 
a clear indication of the two components of facilitation and of augmentation. 
The mean magnitudes and time constants of decay for these components from 
the experiments performed at 32-34~  are presented in Table I. Surprisingly, 
in  four experiments performed at  a  lower  temperature  (25-26~  a  first 
component of facilitation was not observed, even though the second compo- 
nent  of facilitation  and  augmentation were present.  The  data  from  these 
experiments are also summarized in Table I. More experiments over a range 
of temperatures are necessary to determine whether the first component of 
facilitation is only observable at higher temperatures. ZENGEL  ET  AL.  Synaptic  Transmission in Ganglia  223 
Sr  2+ Appears to Increase Facilitation Selectively 
At the frog neuromuscular junction, the addition of small amounts of Sr  2+ to 
the  bathing  solution  or  the  replacement  of Ca  2+  with  Sr  z+  increases  the 
magnitude  and  time-course of the second component  of facilitation  but has 
little effect on the first component of facilitation,  augmentation,  or potentia- 
tion  (Zengel and Magleby,  1977 and  1980). To determine whether Sr  2+ has a 
similar effect in the ganglion we examined the effect of Sr  2+ on the increase in 
EPSP amplitude during and after repetitive stimulation. 
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FIGURE 3.  Decay of EPSP amplitudes  after single conditioning  impulses.  A 
single testing impulse was applied  from  50 ms to 5 s after each conditioning 
impulse. Conditioning-testing  trials were applied about once every 30 s. Data 
from  two  preparations  are  averaged.  The  inset  in  A  presents  a  computer- 
recorded conditioning-testing  trial  with a  400-ms testing interval. The under- 
shoot following the EPSPs results because the preamplifier was a-c coupled at 
1  Hz  for  this  figure,  compared  with  0.1  Hz  for  the  previous  figures.  (A) 
Semilogarithmic  plot of decay of testing EPSP amplitudes.  Each  filled  circle 
represents the average response to six conditioning-testing trials. The continuous 
line in A represents the decay of augmentation, A *  (t). (B) Decay of first, Fz*(t) 
(I),  and  second,  F~*(t)  (O),  components  of facilitation.  [Ca2+]o =  0.6  raM. 
Temperature, 32.5~ 
Fig.  4 A  and  B  shows the rise and decay of EPSP amplitudes  during  and 
after 200-impulse conditioning trains in low Ca  ~+ Locke and after the addition 
of 0.2 mM Sr  ~+ to the solution. EPSP amplitudes reached a greater magnitude 
during  the conditioning  train  in  the presence of Sr  2+.  Fig.  4  C shows on an 
expanded  time  scale  the  rise  of EPSP  amplitudes  during  the  conditioning 
stimulation.  Notice that  this  greater rate of increase in  the presence of Sr  2+ 
occurs mainly during the first 2 s of stimulation, after which EPSP amplitudes 224  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  76 ￿9 1980 
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FIGURE 4.  Effect  of Sr  2+  on  EPSP  amplitudes  during  and  after  repetitive 
stimulation.  (A and B) Plots of EPSP amplitudes against time for conditioning- 
testing trials recorded  in 0.4  mM Ca  2+ Locke (A)  and 0.4  mM Ca  2+ plus 0.2 
2+  mM Sr  Locke (B).  Bars indicate time of conditioning  trains of 200 impulses 
delivered  at  5  impulses/s.  Control  and  testing  impulses were  delivered  once 
every  10 s, except  for the  three  testing impulses immediately after the trains, 
which were delivered at one impulse every 5 s. (C) Amplitudes of EPSP recorded 
during the conditioning trains shown in A and B plotted on an expanded time 
scale.  (D) Decay of EPSP amplitudes after the conditioning trains shown in A 
and  B  plotted semilogarithmically against  time.  The continuous  line through 
the  filled circles is the decay of P*(t)  in  low Ca  2+ Locke and the broken line 
through  the  open  circles  is  the  decay  of P*(t)  in  low  Ca  z+  +  Sr  z+  Locke. 
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in the presence and absence of Sr  2+ rise parallel to each other. This observation 
is consistent with the suggestion that  Sr  2+ selectively increases the magnitude 
of facilitation, since facilitation, with its rapid time-course, would be expected 
to reach  a  steady-state level during  the first few seconds of repetitive stimu- 
lation  (see  Mallart  and  Martin,  1967).  Supporting  the  suggestion  that  the 
increase in EPSP amplitudes in the presence of Sr  2+ results from an increase 
in facilitation is the observation that Sr  2+ had little effect on augmentation or 
potentiation  after  the  conditioning  train  (Fig.  4  D).  These  effects of Sr  2+, 
which  were  also  observed  in  two  additional  ganglion  preparations,  were 
reversible  and  are  similar  to  the  effects of Sr  2+  at  the  frog neuromuscular 
junction  (See Figs. 6 and  10 in Zengel and Magleby,  1980). 
The effect of Sr  ~+ on the decay of the increased EPSP amplitude after five- 
impulse  conditioning  trains  was examined  to see if Sr  2+  acts mainly on  the 
second component of facilitation, as it does at the frog neuromuscular junction. 
In  several  experiments,  replacing  the  Ca  2+  in  the  low Ga  s+  Locke with  0.8 
mM Sr  ~+, or reducing Ca  2+ to 0.1 mM and adding 0.8 mM Sr  2+, led to a  20- 
40% greater increase in the testing EPSP amplitudes during the first  1-2 s of 
the decay after the five-impulse conditioning  trains  (P <  0.01,  t test, paired 
data, n =  10).  Because the first component of facilitation would decay within 
several hundred milliseconds after the train,  and because Sr  2§ has little effect 
on augmentation or potentiation  (Fig. 4 D), the increase in EPSP amplitudes 
during  the  first  1-2 s after the conditioning  trains  in  Sr  2+  most  likely arises 
from an increase in the second component of facilitation. The effect of Sr  2+ in 
the  ganglion  thus  appears  to  be  similar  to  the  effect  of Sr  2+  at  the  frog 
neuromuscular junction.  Because we had difficulty maintaining  the prepara- 
tion  in  the  presence  of Sr  2+,  it  was not  possible to collect sufficient  data  to 
estimate  the  two  components  of facilitation  and  augmentation  in  a  single 
preparation  in  the  presence  and  absence  of Sr  2+.  Therefore,  a  more  direct 
investigation  of the  proposed  effect  of Sr  2+  on  the  second  component  of 
facilitation  in the ganglion  is necessary. 
Effect of Ca  2+ 
Changing the average level of transmitter release severalfold by changing the 
concentration  of Ca  ~+ had little effect on estimates of facilitation,  augmenta- 
tion, or potentiation  when compared with the dramatic  and selective effects 
produced by Sr  2+ and  Ba  ~+, suggesting that  the effects of Sr  2+ and  Ba  2§  are 
quite specific and do not arise from general changes in the concentrations  of 
divalent cations or from changes in the average level of transmitter  release. 
Effect of Temperature on the Decay of Facilitation,  Augmentation,  and Potentiation 
The rates of decay of potentiation (Rosenthal,  1969), augmentation  (Magleby 
and Zengel,  1976), and facilitation  (Balnave and Gage,  1974) are temperature 
sensitive  at  the  frog neuromuscular junction.  We  found  that  the  decays of 
these components  are  also temperature  sensitive  in  the  ganglion.  (In  doing 
these  studies  we  found  it  convenient  to  analyze  the  data  in  terms  of time 
constants which are the reciprocal values of the rate constants used to calculate 226  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  76  ￿9  1980 
Q10s.) In four preparations in which we were able to obtain estimates of the 
decays of augmentation and potentiation at two different temperatures in the 
same preparation, the mean O~0 for the decay of potentiation was 2.1  :t: 0.6 
and for the decay of augmentation, 3.0 _+ 0.5. For example, in one experiment 
(200-impulse conditioning trains),  increasing the temperature from  27.5  to 
34~  decreased the time constant of decay of potentiation from  153 to 92 s 
(O~0 -- 2.1)  and decreased the time constant of decay of augmentation from 
16.0 to 7.7 s (Qx0 ffi 2.8).  In another experiment (one conditioning impulse), 
increasing the temperature from 29 to 32.5~  decreased the time constant of 
decay of the second component of facilitation from 500 to 361 ms (O~0  ffi 2.5). 
We were not able to estimate the decay of the first component of facilitation 
at two different temperatures from a single preparation. Data obtained from 
six preparations, each examined at only one temperature, do suggest, however, 
that  the  decay  of the  first  component of facilitation  is  also  temperature 
sensitive.  This  is  shown  in  Fig.  5,  where  the  time  constants  of decay  of 
potentiation, augmentation, and the two components of facilitation are plotted 
as  a  function  of  temperature.  Because  the  data  were  obtained  from  20 
preparations  using a  variety  of stimulation patterns,  there  is  considerable 
scatter in the data.  The data do show, however, that the time constants of 
decay of all four components are temperature sensitive and do not overlap. 
For comparison, the time constants for the decay of the four components at 
the  frog neuromuscular junction at  20~  are  also  included in  Fig.  5.  The 
temperature sensitivity of the decays of the pooled ganglion data, as indicated 
by the lines in Fig. 5, is most likely an underestimate since the more reliable 
estimates of O~0s obtained from data from single preparations were  15-40% 
higher than the O~0s that can be obtained from the averaged data. 
DISCUSSION 
The  marked  similarity  in  the  kinetic  and  pharmacological  properties  of 
synaptic transmission in the rabbit ganglion and frog neuromuscular  junction 
suggest similarities in the basic underlying mechanisms of transmitter release 
in  the  two  preparations.  On  this  basis,  the  four components of increased 
transmitter release in the ganglion, which had time constants of decay at 34~ 
of about  60  ms,  400  ms,  7  s,  and  90  s,  would  be  analogous  to  the  first 
component of facilitation, the second component of facilitation, augmentation, 
and potentiation, respectively, at the frog neuromuscular  junction. Unlike the 
frog neuromuscular junction, the superior cervical ganglion of the rabbit  is 
not a simple synapse. In addition to the fast EPSP studied in this paper, slow 
synaptic potentials in the ganglion can result from the activation of postsyn- 
aptic muscarinic receptors. Under appropriate experimental conditions these 
slow synaptic potentials could modify synaptic transmission postsynaptically 
(see Libet,  1964;  Voile,  1969;  Libet,  1970;  and Brimble and Wallis,  1974). 
Under the conditions of greatly reduced transmitter release used in our study, 
however, slow synaptic potentials are greatly reduced or absent (Libet, 1967) 
and would not be expected to have any appreciable effect on the fast EPSPs 
that we studied. ZZNGlSL ET AL.  Synaptir Transmission in Ganglia  227 
At the frog neuromuscular junction the first component of facilitation, the 
second component of facilitation, augmentation, and potentiation all result 
from an  increase in  the number of quanta of transmitter released from the 
nerve terminal by each impulse (see del Castillo and Katz, 1954 b; Liley, 1956; 
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FIGURE 5.  Effect of temperature on the time constants of decay of  potentiation, 
augmentation, and the first and second components of facilitation. The broken 
lines  are least squares fits  to  the data points.  The arrows indicate projected 
estimates of the time constants of decay of the four components at rabbit body 
temperature (37~  Data obtained from 20 ganglion preparations. The mean 
•  SD of time constants of decay of the four components obtained at 20~  for 
the frog neuromuscular junction are also plotted. Estimates for the frog were 
obtained from Mallart and Martin (1967), Magleby (1973), and Magleby and 
Zengel (1976). (O) ~'p.. (C)) ra..  (m) rF2". (I"1)  rF,'. 
Magleby and Zengel,  1976).  It  seems likely, therefore, that  the facilitation, 
augmentation, and potentiation of EPSP amplitudes that we observed in the 
ganglion  also  arise  from  changes  in  transmitter  release  (see  Larrabee  and 
Bronk,  1947;  Martin  and  Pilar,  1964;  McLachlan,  1975,  for related experi- 
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For experiments performed at 20~  corresponding components of increased 
transmitter release would be expected to decay two to five times slower in the 
rabbit ganglion than at the frog neuromuscular junction, as shown in Fig. 5. 
These differences in decay rates would be expected to persist over a range of 
temperatures since the decay rates of the components are temperature sensitive 
both in the rabbit ganglion (as indicated by the slope of the lines in Fig. 5) 
and at the frog neuromuscular junction (Balnave and Gage, 1974; Rosenthal, 
1969;  Magleby and Zengel, 1976).  Fig. 5 also shows that the projected time 
constants of decay of the four components in the rabbit  ganglion at  rabbit 
body temperature  (37~  arrows) would be similar to the time constants of 
decay of the corresponding components at the frog neuromuscular junction at 
frog  body  temperature  (~20~  Thus,  it  appears  that  the  corresponding 
components would decay at  about  the same  rates  in vivo in the  frog and 
rabbit, despite the large difference in body temperature. 
Because the time constants of decay for the various components of increased 
transmitter  release  are  temperature  and  species  dependent  (Fig.  5),  it  is 
necessary to identify the components in different preparations using criteria 
in addition to their time constants of decay. In this study we made use of the 
observations of Zengel and Magleby (I 980) that Ba  2+ increases the magnitude 
of augmentation and that  Sr  2+ increases the magnitude of the second com- 
ponent of facilitation to identify these two components in the ganglion. We 
then  identified the  first  component  of facilitation  and  potentiation  in  the 
ganglion by assuming that the component that decayed faster than the second 
component of facilitation was the first component of facilitation, and that the 
component that decayed slower than augmentation was potentiation. 
The magnitude of the first component of facilitation after a  single condi- 
tioning impulse was ~1.4 in the rabbit superior cervical ganglion (Table I). 
This estimate is not markedly different from those of 1.3 (Mallart and Martin, 
1967)  and  0.8  (Magleby,  1973) for  the  frog  neuromuscular junction.  The 
magnitude of potentiation after 200 conditioning impulses was also similar in 
the ganglion (~0.55;  averaged from Table I) and at the frog neuromuscular 
junction (-,0.6;  Magleby and Zengel,  1976). The magnitudes of the second 
component  of facilitation  and  augmentation  after  a  single  impulse  were 
markedly greater, however, in the  rabbit  ganglion. The  magnitude of the 
second component of facilitation after a  single impulse in the ganglion was 
-0.85  (averaged from Table I). This value is about six times greater than the 
values of 0.15 (Mallart and Martin,  1967) and 0.12  (Magleby, 1973) found at 
the  frog  neuromuscular junction. The  magnitude of augmentation  after  a 
single impulse in the rabbit ganglion was N0.15 (averaged from Table I). This 
value is about  10 times greater than the values of 0.01-0.03 calculated for the 
frog neuromuscular junction  (Zengel and  Magleby,  1977, and unpublished 
observations).  Unexpectedly, even  though  the  magnitude of augmentation 
after  a  single  impulse  is  greater  in  the  rabbit  ganglion,  the  magnitude of 
augmentation after 200-impulse conditioning trains in the ganglion (~2.15; 
averaged from Table I) is similar to that after 200-impulse conditioning trains 
at the frog neuromuscular junction (1.8; Magleby and Zengel, 1976). ZENGEL ET  AL.  Synaptic Transmission  in Ganglia  229 
Because of the large magnitudes of augmentation and the second component 
of facilitation in rabbit superior cervical ganglion, these two components are 
the  easiest  to  detect  in  this  preparation.  It  appears  that  they  are  the  two 
components  present  in  Fig.  13  of Larrabee  and  Bronk  (1947;  cat  stellate 
ganglion)  and  in  Fig.  1 of McLachlan  (1975;  guinea  pig  superior  cervical 
ganglion). 
One or more components  of increased  transmitter release  have  been  ob- 
served in a variety of other preparations, including cat spinal cord (Curtis and 
Eccles,  1960;  Kuno,  1964;  Porter,  1970),  rat  hippocampus  (MeNaughton, 
1977),  abdominal  ganglion  in Aplysia (Woodson  et  al.,  1978),  and the squid 
giant  synapse  (Charlton  and  Bittner,  1978).  Studies  of the similarities  and 
differences among the components of increased transmitter release in different 
preparations when correlated with studies on the similarities and differences 
in  the structural  and  biochemical  aspects  of the synapses  may give  further 
insight into the mechanism of transmitter release. 
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